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ABSTRACT 


Sandwich shells have recently emerged as aesthetically pleasing, efficient and economical structural 
systems, with a number of applications. They combine the advantages of sandwich layer technology 
together with those of shell action. With different materials and thicknesses used in the sandwich 
layers, their performance characteristics largely remain un-quantified and there are no guidelines at 
present for their design. This research paper provides verification, through finite element modeling 
and testing, for the application of this technology to dome styled dwellings with research currently 


being conducted into the further application to roofing structures. 
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1. INTRODUCTION 


Sandwich shells have been utilised extensively in 
the aerospace and aeronautical industries using 
laminated technology. However, their use within the 
structural building industry is very limited. Though 
many theoretical models for laminated composites 
have been proposed, they are not applicable to 
sandwich shell structures proposed in this research. 
The behavior of the compound curved sandwich 
shell structure is complex, material and shape 
dependent and involves unknown sandwich layer 
interaction and structural action, which are difficult 
to simulate and analyse. Initial research was 
conducted to study the behaviour of this system and 
provide a base for further development. This was 
conducted through material testing and extensive 
finite element modeling and analysis supported by 
full scale non-destructive testing. 


This initial research was commissioned by 
“Domeshells Technology Pty Ltd Australia”- the 
industry partner in the project. 


1.1 Dome Shells 


Dome shells have emerged due to a revolutionary 
concept in building design coupled with innovative 


building technology. These revolutionary structures 
have the potential for significant markets in 
commercial and many other small residential and 
industrial applications. Figure 1 shows a typical 
dome shell housing unit nearing completion. 





Figure 1. Dome Shells 


These innovative structures combine the advantages 
of sandwich shells together with novel construction 
technology to produce seamless self-supporting 
structures that are aesthetically pleasing with soft 
shapes and curves, and have excellent thermal 
properties and low maintenance requirements. The 
structures utilise superior material technology and 
structural action, have short construction times and 
are substantially lighter. 
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1.2 Curved Roof Applications 


Curved shell roofs can provide large uninterrupted 
space in many building types. An example of this 
application is the hyperbolic roof structure of the 
swimming hall at Hamburg shown in figure 2. 





Figure 2. Swimming Hall at Hamburg 


The compound curvature in these roof structures 
provides extra strength enabling larger spans [1, 2]. 
It is hoped to take further advantage of such 
behavior by using sandwich shells instead of the 
usual uniform shells, which will provide a reduction 
in weight and improvements in performance and 
economy. 


2. STRUCTURAL SYSTEMS 
2.1 Overall Dimensions 


The typical use for the dome type structures is in 
residential and resort style housing. The basic 
design layout of a single unit includes dome having 
a diameter of 5-10m and with an apex height of 3- 
4m on a 1-2m high cylindrical wall. Openings for 
doors and windows are located in the side walls 
around the circumference of the dome, and skylight 
Opening at the apex. The size and relative location 
of these openings is of significant importance 
affecting the strength and performance of the 
sandwich dome shell structures 


In the preliminary phase, numerous finite element 
models were generated for all variations to confirm 
their adequacy for appropriate loadings. The 
verification of the system including physical testing 
was conducted on a dome with a diameter of 8m, 
cylindrical wall height of 2.1m and apex height of 
3.65m, with five openings each 1.8m by 2.1m high, 
evenly distributed along the circumference, as 


shown in Figure 3. 





Figure 3. Finite Element model of the prototype dome 
shell with five door openings 


2.2 Sandwich Shell Material and Construction 
Technique 


The materials chosen for use in the prototype dome 
shell were specified by the industry partner. The 
arrangement consists of external and internal layers 
of Glass Reinforced Cement (GRC) render 
reinforced with chopped glass fibers, and central 
polyurethane foam core. The typical arrangement of 
these layers is shown in figure 4. 





Figure 4. Typical Sandwich Shell 


The thicknesses of the layers can be varied to 
change the properties of the sandwich shell but for 
this research the configuration shown in Table 1 has 
been adopted; 


Tablel. Sandwich Shell Configuration 


MATERIAL 
DESCRIPTION 
[DENSITY] 

Glass Reinforced 
polymer modified 
Cement render 
(GRC) [1800 kg/m’] 


Polyurethane foam 


LAYER 


THICKNESS 






External & | 6 mm 
Internal 
render 
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As with all structural sandwich materials, the 
outside layers are of relatively high strength, with 
an internal lightweight foam core material providing 
adequate nominal stiffness [3, 4]. The GRC material 
which forms the external layers is considered to be 
isotropic and provides both compression and tension 
capacity for the shell [5]. 


The typical construction technique involves an 
inflatable former pressurised to give the final 
dimensions of the dome. While under pressure the 
lightweight core material is spray applied to the 
inside of the former and manipulated to the required 
thickness. The internal GRC skin is then applied to 
the finished core layer. Once the internal render has 
gained sufficient strength the internal pressurisation 
is Stopped and the inflatable former is removed from 
the outside of the dome. Finally, the outside 
external GRC layer is applied to the exposed 
external core surface. The step by step procedure is 
described in the subsequent paragraphs to provide 
an insight of the sandwich shell construction 
technique and engineering behavior. 


2.2.1 Shell to Slab Tie Down 


The appropriate tie down of dome shell to the 
ground slab tie down is cast with a 25mm deep x 
65mm wide rebate around the perimeter forming the 
seat and anchor point for the fabricated shell above. 
A 50 x 50 x 3mm galvanized steel angle rolled to the 
outer radius is bolted to the rebate over the top of a 
layer of chicken wire mesh and alkaline resistant 
fiber glass mesh — the vertical section of the angle is 
on the outside of the rebate as shown in figure 5. 





Figure 5. Slab tie down detail 


The chicken mesh and glass meshes will embed into 
the GRC render on either side of the sandwich shell. 
A ‘Key Way’ is formed on the perimeter of the slab 
edge 150mm below internal floor level for providing 
a tie point for the air-form (balloon). 


2.2.2 Preparation and Inflation of Air-Form 


The air form is a sheet of specially formulated, 
reinforced butyl rubber 1.5mm thick. The rubber 
sheet is laid over the slab and then tied down around 
the perimeter into the key-way with a high tensile 
material to prevent the air-form from pulling off the 
slab during inflation. The air form is inflated by high 
pressure fans until the desired apex height is 
achieved (approx. 1 bar pressure), typical 
arrangement is shown in figure 6. 





Figure 6. Inflated Air-form 


Consistent air pressure is maintained by adjusting a 
relief valve in the air supply. An air-lock (double 
door chamber) is attached and sealed to the air form 
to gain access to the inside of the air form while 
inflated. 


2.2.3 Shell Fabrication Process 


(a) Prefabricated Opening Portals; 

With the air-form inflated, 65 x 35 x 2.5 RHS portal 
frames are stood up and bolted through foot plates to 
the slab at the window /door positions. Windows 
/doors are later fixed into the portal frames and the 
portal frames are further framed with an assembly 
for tying in to the fabricated shell. The portal frame 
assemblies are made ready including masking of 
glass fiber which will later be embedded in the GRC 
coatings after the foam is installed. 


(b) Application of Polyurethane Foam; 

With the frames in place the interior of the air-form 
is sprayed with polyurethane foam in layers of 10- 
15mm to a minimum thickness of 50mm. The 
thickness or depth of the foam is monitored using a 
probe. The foam covers the whole of the interior of 
the air-form up to the edges of the portal frames and 
down to the steel ring section. This follows the 
process of sanding the undulating surface of the 
foam to a uniform thickness. Masking is removed 
from the glass mesh which is in place ready to be 
rendered into the next layer of the sandwich panel. 
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(c) Application of Internal Layer of GRC; 

When the foam is at uniform thickness and the glass 
mesh is clean and free to be rendered into the 
coating, the application of the GRC is commenced. 
The GRC formulation is applied by shotcrete spray 
with the chopped fiber pre-mixed into the render, as 
shown in figure 7. 





Figure 7. GRC spray 


GRC is sprayed in two passes of approx. 4mm per 
pass. As is sprayed on to the surface of the foam it is 
followed through by troweling or rolling to compact 
the fiber mix and expel any entrapped air in the mix. 
The flaps of glass mesh which tie the portal frames 
and the slab connection (together with the chicken 
mesh) are laid into the first 4mm coat of GRC. The 
thickness of GRC is monitored by the use of a depth 
gauge probe. Although the inflator fans can be 
turned off after the application of 50mm spray foam 
(the foam structure becomes self supporting) the 
pressurisation of the sir-form /foam structure is 
maintained during the application of the inner GRC 
coating for a minimum of 24 hrs. 


(d) Removal of the air-form and Application of the 
external layer of GRC; 


Seven days after the application of the inner GRC 
coating the air form is released from its connection 
to the perimeter of the slab and is incrementally 
peeled off the surface of the foam. Timber forms 
around the portal frame openings are also removed. 
The external flaps of glass mesh are freed and 
cleaned in preparation for the application of the 
external GRC coating. The shell at this stage is 
propped from inside to minimise any load stress 
during the application of the external coating. The 
exterior perimeter of the shell is scaffolded and the 
application of the GRC is sprayed and troweled in 
the same way as the internal layer. Immediately the 
external skin has been applied the structure is 
covered by a light weight tarpaulin for a curing 
period of minimum 7 days. 


The shell structure at this stage is complete, shown 
in figure 8. The windows and doors are fitted and 
fixed into the portal openings. A high quality 
elastomeric paint system is applied to the external 
surface of the shell. 





2.3 Material Tests 


Based on the 62 mm thick sandwich profile (refer 
Table 1), numerous tests were performed on the test 
samples to determine appropriate material 
properties for implementation into the finite element 
model and to establish failure limits for the material. 
The industry partner procured samples of two types 
of the sandwich shell panels each 62mm thick x 
1200mm long x 400mm wide. 


Both panels were similar in composition except for 
the weight of the fiber glass mesh used; Panel A had 
100 gsm (grams /m’) and Panel B had 180 gsm fiber 
glass mesh. The testing was undertaken at the 
structural testing laboratory at QUT (Queensland 
University of Technology, Brisbane, Australia) 
consistent with standard practices. For each panel 
type (A and B) we carried out repetitive tests (at 
least two for each type of test) to obtain consistency 
of results. 


It was noted that there was no significant difference 
in structural properties for the changes in glass fiber 
reinforcement densities; but the 180 gsm provided a 
much more desirable ductile failure regime and was 
recommended as preferred mesh for further research 
and development investigation. 


The typical test arrangements for compressive, 
tensile and flexural strengths are shown in figures 9, 
10 & 11 respectively. The tests were conducted to 
determine range of the elastic responses, 
compressive and tensile strengths, Young’s modulus 
and Poisson’s ratio. 
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Figure 9. Material Testing — Arrangement of the 
Compressive Strength Test 





ol 


Figure 10. Material Testing — Arrangement for the 
Tensile Strength Test 





Figure 11. Material Testing — Arrangement for the 
Flexural Strength Test 


Figure 12 shows load-deflection curve of the panel 
A under compression load. The load-deflection 
curve of the panel B under compression was 
unfortunately not recorded due to some error during 
testing. 


Figures 13 & 14 show the corresponding stress- 
strain curves under compression load for the panel 
A & B respectively. In these 2 Figures and in 
Figures 17 and 18, the x-axis represents micro-strain 
(10°) denoted by uE. It has been observed that the 
panel A responds with a relatively higher 
compressive strength than that of panel B with no 
obvious reason. The averaged value is thus used in 
the subsequent analysis. 


Compression Test - Panel A 
Load Deflection Curve 








Figure 12. Load-Deflection curve of panel a under 
Compression Test 
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Figure 13. Stress-Strain curve of panel a under 
Compression Test 


Figures 15 & 16 show load-deflection curves of the 
panels A & B respectively under tension load. It is 
interesting to note the ductile response of 
significantly higher elongation in panel B. As 
mentioned earlier panel B was procured with 180 
gsm of glass fiber mesh compared to 100 gsm for 
panel A. Figures 17 & 18 show corresponding 
stress-strain curves. 
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—— Vertical strain 
—— Horiz strain 


Compression Test - Panel B 
Stress Strain Curve 
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Figure 14. Stress-Strain curve of panel B under 
Compression Test 


Tension Test -Panel A 
Load Deflection Curve 


0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 
Deflection (mm) 


Figure 15. Load-Deflection curve of panel a under 
Tension Test 


Tension Test - Panel B 
Load Deflection Curve 


Load (KN) 
on 
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Deflection (mm) 


Figure 16. Load-Deflection curve of panel B under 
Tension Test 
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Figure 17. Stress-Strain curve of the panel a under 
Tension Test 
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Figure 18. Stress-Strain curve of panel B under Tension 
Test 


The average values obtained from these tests are 
reported in Table 2 and are used in the subsequent 
computer modeling and analysis of the dome shell 
Structure. 


Table2. Sandwich Material Properties 


MATERIAL PROPERTY VALUE 
Compressive Strength 4.27 MPa 


Tensile Strength 0.56 MPa 
Young’s Modulus 





The initial studies of structural action of the dome 
shell appeared complex instead of a pure shell type 
behavior with minor bending actions observed at 
those places where straight wall joined the curved 
roof. This behavior was more prominent at window 
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and door openings. The flexural test was thus 
conducted to study the flexural strength of the 
sandwich shell. 


During the initial flexural strength testing 
delamination occurred within the foam core as 
shown in Figure 19. 





Figure 19. Delamination within the foam core 


This delimitation appeared consistent with the foam 
placement technique. This was due to quality 
control issues in the test panel. This was addressed 
and there was no delamination in all subsequent 
tests. It was decided to undertake retesting of the 
flexural test to validate the adopted material’s 
structural properties. This delaminated panel (A1) 
was thus rejected and another similar panel (A2) 
was procured and retested. Bl & B2 are 
corresponding panels with higher glass fiber mesh. 
Figure 20 shows repeat of the flexural test. 





Figure 20. Retesting for Flexure Test 


Figures 21 to 24 show load-deflection curves of the 
four samples tested for flexure. It has been observed 
that the figure 21 shows a pre-mature failure. The 
possible reason for such pre-mature failure could be 


due to the delamination that occurred within the 
foam core during the flexural test. 


Flexure Test - Panel A1 





Deflection (mm) 


Figure 21. Load-Deflection curve of panel Al under 
Flexural Test 


Flexure Test - Panel A2 





Deflection (mm) 


Figure 22. Load-Deflection curve of panel A2 under 
Flexural Test 


Flexure Test - Panel B1 








Deflection (mm) 


Figure 23. Load-Deflection curve of panel B1 under 
Flexural Test 
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Flexure Test - Panel B2 





Deflection (mm) 


Figure 24. Load-Deflection curve of panel B2 under 
Flexural Test 


The other three samples tested for flexure, figures 
22 to 24, show a consistent pattern thus validating 
the consistency of the material response. It is also 
observed that the panel B response shows a peak 
load and ductile behavior. The panel A, on the other 
hand, with fewer glass fibers shows brittle behavior 
as anticipated. 


2.4 Structural Loadings 


The dome shells are subjected to critical loadings in 
order to meet various Australian building 
requirements. These include gravity and wind loads. 


The gravity load is the self weight of the structure 
taken as 0.24 kPa based on the material densities 
(shown in Table 1) and included no allowance for 
the suspended ceilings for simplicity. It is 
interesting to note that the weight density of dome 
shell sandwich material is 1/6" of the weight density 
of concrete, and is thus subject to uplift under wind 
loads particularly in a broken window scenario. For 
design purposes the counter weight of the base slab 
and its connection to the shell wall is therefore of 
considerable importance, a typical structural detail 
is Shown in figure 25 for demonstration purposes. 


The wind loads are based on external coefficients 
from Australian Standards AS1170.2 [6] and 
AS4055 [7] for classifications N1, N2, N3 (non- 
cyclonic & C1 (cyclonic) for wind effects. The wind 
speeds that were considered corresponded to 
cyclonic and non-cyclonic winds at 49m/sec and 
39m/sec respectively. The wind pressure 
calculations depend on other parameters such as the 
site conditions. These are captured in the Australian 
Standard AS 1170.2 (2002) or similar. 


WALL TO FLOOR TIE DOWN DETAIL 


KEM WIR . 
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Figure 25. Typical structural detail of the tie-down 
connection 


3. FINITE ELEMENT ANALYSIS 


As mentioned in section 2 the numerical techniques 
were validated through full scale testing of a dome 
shell with a diameter of 8m, cylindrical wall height 
of 2.1m and apex height of 3.65m with five 
openings each 1.8m by 2.1m high, evenly 
distributed along the circumference, as shown in 
figure 3. Based on this information a Finite element 
(FE) model of the shell was developed to initiate the 
study and investigate the sensitivity. The 
commercially available finite element program 
ABAQUS is used extensively with PATRAN as pre 
and post processor. 


The shell structure is modeled using S4R5 three 
dimensional shell elements. In such formulation the 
individual elements use five degrees of freedom per 
node thus allowing three orthogonal displacement 
components and two rotational components about 
in-plane axes [8]. This element formulation is 
shown in figure 26. 





5 DOF per Node - 


Figure 26. Finite Element formulation for 3D shell 
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These FE models are intended to provide the elastic 
deflections and in-plane stresses for reference, by 
adopting the mechanical properties of the sandwich 
material obtained through the in-house material tests 
(shown in Table 2), and thus to develop a rigorous 
model for validation with the full scale testing. The 
stresses shown in the Figures in this section are due 
to membrane action and are from the outer surface. 
The legends in the Figures are in Pa while the results 
for stresses are identified and discussed in terms of 
kPa. 


Figures 27 & 28 show deformed shape 
(superimposed on un-deformed wire mesh) of the 
ideal dome shell model (with no openings) under 
gravity and wind loads respectively to demonstrate 
an ideal behavior. In Figure 28 the black portion 
shows the deformed shape of the structure and this is 
overlaid on the un-deformed shape shown in yellow. 





Figure 27. Deformed model under gravitational load of 
the self weight 





Figure 28. Deformed model under wind load 


Figures 29 & 30 show meredional and hoop stress 
responses of the ideal dome shell model under 
gravity loads due to the self weight. It can be 
observed from figure 29 that the meridional peak 
compressive stress of 18.6 kPa and meridional peak 


tensile stress of 15 kPa are within the stress limits of 
the dome shell sandwich material (as determined 
during material testing). Similarly it can be noted 
from figure 30 that the hoop peak compressive 
stress of 18.1 kPa and hoop peak tensile stress of 39 
kPa are also within the limits of the material 
stresses. 





Figure 29. Meridional Stress under gravity load of the 
self weight 





Figure 30. Hoop Stress under gravity load of the self 
weight 





Figure 31. Meridional Stress under non-cyclonic wind 
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Figure 32. Hoop Stress under non-cyclonic wind 


Figures 31 & 32 show meridional and hoop stress 
responses of the ‘shell model with door openings’ 
under non-cyclonic wind load in addition to gravity 
load of the self weight. 


From figure 31 it has been observed that the 
meridional peak compressive stress of 56.8 kPa and 
meridional peak tensile stress of 168 kPa are within 
the stress limits of the dome shell sandwich 
material. Similarly it can be noted from figure 32 
that the hoop peak compressive stress of 36.1 kPa 
and hoop peak tensile stress of 175 kPa are within 
the material stresses. 


Figures 33 & 34 show meridional and hoop stress 
responses of the ‘shell model with door openings’ 
under cyclonic lateral wind load in addition to the 
gravity load due to self weight. 


























Figure 33. Meridional Stress under cyclonic wind 
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Figure 34. Hoop Stress under cyclonic wind 


From figure 33 it has been observed that the 
meridional peak compressive stress of 9.1 kPa is 
low, but the meridional peak tensile stress of 583 
kPa is exceeding the tensile stress of the dome shell 
sandwich material. It is interesting to note that this 
peak stress which exceeds the limiting stress has 
occurred at door lintels. Therefore it can be 
concluded that the opening sizes and relative 
location of such openings affect significantly on the 
strength and performance of the sandwich dome 
shell structures and must be carefully placed. 


4 CALIBRATION OF MODEL 


To confirm the technical accuracy of the structural 
analysis process a full scale dome was constructed 
and tested. The geometric dimensions of the 
matching FE model discussed in section 3 were the 
same as those of the constructed dome. Figure 35 
shows the dome being prepared for testing. 
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Figure 35. Full scale test model of the dome shell 
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The testing consisted of non-destructive load-strain 
and deflection tests. The dome was structurally 
loaded and monitored in critical locations for 
corresponding strains and deflections. The test 
program used a series of appropriately articulated 
square load points applied radially outward to 
simulate wind pressure. Four load applicators each 
having 8 plates of size 0.3m x 0.3 were used to apply 
the pressure loading to simulate wind loading onto 
the curved surface of the dome according to AS 
1170.2 (2002) and another 4 similar applicators were 
used to apply the load to the vertical wall surface. 
Using an assumed wind direction, these load 
applicators were off-set at angles of 80, 150, 210 and 
280 degrees (symmetrical with respect to the 
assumed wind direction). The pressure loads were 
6kPa, 3kPa, 3kPa and 6kPa respectively for a normal 
wind load. The loading arrangements are shown in 
Figures 36 and 37. These pressure load points were 
all internal and loaded perpendicular to the surface. 





Figure 36. Load points on the dome shell roof 


The series of loads were equivalent to partial non- 
cyclonic wind loadings (AS 4055; Wind loads for 
housing — Wind category N3) on both the roof and 
walls of the dome shell structure [7]. An FE model 
was generated with loadings matching those applied 
to the test structure. The ribs around the openings in 
the test model were extra stiffeners which had only 
localized effect on the FEM response. They were 
therefore modeled as beam elements with similar 
stiffness. 


The experimental testing was carried out in the 
linear range and the responses measured were of the 
deflection of the apex and the strains (converted to 
stresses). The correlation (within 10%) between the 
monitored behavior (strains and deflections) 


through the range of load intensities and a 
progressive series of load point applications 
confirmed that the established finite element model 
was truly representative of the actual dome. 





Figure 37. Load points on the dome shell wall 


Based on the initial testing program and subsequent 
finite element modeling it was possible to evaluate 
various dome configurations for construction. 


5 CONCLUSIONS 


This paper treated a sandwich shell dome structure 
the types of which have emerged as innovative 
building structures with many desirable properties. 
Experimental tests were conducted to establish the 
material properties of the composite structure and 
the results were used to develop a finite element 
model of the structure. The finite element model 
was then used to study the structural behaviour of 
the composite dome shell structure. Results indicate 
the ability of the dome shell structure to carry the 
dead and wind loads, predominantly through 
membrane action. Results from full scale testing of 
a specially constructed dome shell structure 
demonstrated that the finite element model 
developed for the dome shell with the sandwich 
material properties closely simulate the loading and 
structural arrangement considered. 


The techniques used in the analysis of these 
structures have been found to be highly efficient for 
the design of compound curved sandwich shell 
structures through parametric variations. Further 
research can be carried out to develop information 
for the design of these sandwich shell dome 
structures. 
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